The economic conversion of lignocellulosic biomass to biofuels requires in addition to pretreatment techniques access to large quantities of inexpensive cellulases to be competitive with established first generation processes. A solution to this problem could be achieved by plant based expression of these enzymes. We expressed the complete set of six cellulases and an additional β-glucosidase expressed from Thermobifida fusca in the bacterium Escherichia coli and in tobacco plants (Nicotiana tabacum). This was done to determine whether functional enzyme expression was feasible in these organisms. In extracts of recombinant E. coli cells, five of the proteins were detected by western blot analysis, but exocellulases E3 and E6 were undetectable. In the plant-based expression system we were able to detect all six cellulases but not the β-glucosidase even though activity was detectable. When E. coli was used as the expression system, endocellulase E2 was active, while endocellulases E1 and E5 showed only residual activity. The remaining cellulases appeared completely inactive against the model substrates azo-carboxymethyl-cellulose (Azo-CMC) and 4-methylumbelliferyl-cellobioside (4-MUC). Only the β-glucosidase showed high activity against 4-MUC. In contrast, all the plant-derived enzymes were active against the respective model substrates. Our data indicate that some enzymes of bacterial origin are more active and more efficiently expressed in plants than in a bacterial host.
INTRODUCTION
Energy security currently depends on fossil fuels, and the global challenges caused by our reliance on such non-renewable resources were highlighted when the oil price peaked in 2008. This emphasized the importance of research into renewable alternatives (Hamilton, 2009) . Plant biomass provides an abundant and renewable source of feedstock for energy production which could be used to tackle these challenges and achieve a more secure energy supply (Yuan et al., 2008) . Plants such as sugar cane and maize can be used to provide energy but they are also used as food and feed crops, so this creates conflict over the use of resources (Senauer, 2008) . In contrast, the use of cellulose as a source of energy does not create such conflicts because lignocellulosic biomass is not used as food or feed. Cellulose is the most abundant biopolymer on earth (Goldstein, 1981; Lutzen et al., 1983) and cellulose-rich perennial grasses such as miscanthus or switchgrass can be grown on marginal land. This would help to avoid potential land use conflicts while providing an alternative renewable source of biomass for biofuel production.
Cellulose is recalcitrant to degradation and its use as a raw material for sugar production is therefore more challenging than the use of starch derived from maize (Jordan et al., 2012) . A series of processes is required to separate the cellulose from other cell wall components, and enzyme mixtures are needed to achieve efficient polymer degradation. At least three classes of enzymes, endocellulases, exocellulases, and β-glucosidases, are required for efficient cellulose hydrolysis. The performance of these enzymes can be enhanced by additional enzymes such as accessory proteins, e.g., swollenin (Jäger et al., 2011; Jordan et al., 2012) . The production costs for these enzymes must be reduced significantly to achieve economical lignocellulose valorization because they can contribute ∼40% of the overall process costs (Sainz, 2009) .
Several strategies have been developed to reduce the cost of cellulases, including the production of recombinant enzymes in bacteria, yeast and plants (Garvey et al., 2013) . Plants can be used as natural bioreactors to produce cellulases. This approach avoids the need for expensive synthetic growth media and allows inexpensive scale up by simply increasing the amount of land used for cultivation. For example, Acidothermus cellulolyticus endocellulase E1 has been expressed successfully in tobacco, alfalfa, rice, maize, and potato. These experiments indicated that cellulases can be expressed in plants and demonstrated that enzyme localization affects the yield (Ziegelhoffer et al., 2001; Egelkrout et al., 2012) . Other reports describe the expression of cellulases from fungi such as Trichoderma reesei, bacteria such as T. fusca and the hyperthermophilic archeon Sulfolobus solfataricus (Jiang et al., 2011; Klose et al., 2012 Klose et al., , 2013 . Cellulases and accessory enzymes have also been expressed in tobacco plastids to produce the components of efficient cellulase cocktails (Verma et al., 2010) . Some researchers claim expression levels of up to 40% of total soluble protein (TSP) for specific enzymes produced in the plastid system (Petersen and Bock, 2011) .
The soil bacterium T. fusca is a well-studied organism and much research has been performed on its cellulolytic system (Gomez del Pulgar and Saadeddin, 2014) . Although there have been approaches to use T. fusca enzymes in cellulosomes (Moraïs et al., 2010 (Moraïs et al., , 2012 , there are no reports on the industrial use of the bacterium itself.
Thermobifida fusca cellulase genes have predominantly been used for plastid transformation rather than nuclear transformation. Here, we investigated the transient expression of T. fusca cellulolytic enzymes in the ER of tobacco cells to determine the feasibility of this approach. We compared the expression of six cellulases and one β-glucosidase in tobacco and E. coli to study the impact of eukaryotic and prokaryotic hosts on enzyme expression and activity. Our results showed that although the enzymes were derived from a bacterium, they were expressed more efficiently and with higher activity when targeted to the ER of plant cells.
MATERIALS AND METHODS

PCR Amplification of Target Genes and Vector Construction
Seven genes encoding six secreted T. fusca cellulases and one β-glucosidase were amplified from T. fusca genomic DNA, i.e., endocellulases E1 (AAC06387, EMBL-CDS) and E2 (celB, AAC06388, EMBL-CDS), exocellulase E3 (cel6B, AAA62211, EMBL-CDS), the processive endocellulase E4 (celD, AAB42155, EMBL-CDS), endocellulase E5 (celE, AAZ54939.1, EMBL-CDS), exocellulase E6 (celF, AAD39947, EMBL-CDS) and β-glucosidase BglC (AAF37730, EMBL-CDS). The primers amplified a sequence corresponding to the mature region of each protein excluding the native signal peptide. Furthermore, they introduced NcoI or PciI restriction sites at the 5 end and NotI sites at the 3 end to generate the following seven products: PciIBglC-NotI, NcoI-E1-NotI, NcoI-E2-NotI, PciI-E3-NotI, PciI-E4-NotI, NcoI-E5-NotI, and NcoI-E6-NotI. These were digested with the appropriate enzymes and ligated into the similarly treated pTRAkc-ERH vector (Maclean et al., 2007) to generate the transient expression vectors and add a His 6 tag at C-terminus of each product.
The vector pJK was based on pRB95 (GenBank: AJ312393.1) (Ruf et al., 2001 ) which was generously provided by Prof. Ralph Bock. The plasmid was digested with SacII and ClaI for ligation with an expression cassette. This was amplified from pPACdsRed, based on pFaaDAII (Koop et al., 1996) , using primers designed to add 5 SacII and 3 ClaI restriction sites. After digestion with the appropriate enzymes, the cassette was ligated into vector pRB95 to generate the final construct pJK01. This vector provides a shuttle system which can be used for expression in E. coli as well as for chloroplast transformation.
The E1, E2, E5, and E6 genes were transferred to vector pTRAkc-TP using NcoI and NotI. These intermediate vectors were digested with NcoI and XbaI to isolate the genes including the C-terminal His 6 tag sequences. The products were transferred to vector pJK01 to generate the final constructs pJK-E1, pJK-E2, pJK-E5, and pJK-E6. The BglC, E3 and E4 genes were transferred to pTRAkc-TP using PciI and NotI. The sequences in the intermediate vectors were amplified using gene-specific forward primers combined with the Cel universal reverse primer to yield the BglC, E3 and E4 products including C-terminal His 6 tag sequences. These products were digested with PciI and XbaI and transferred to the similarly treated pJK01 vectors to generate the final constructs pJK-BglC, pJK-E3 and pJK-E4.
All the vectors listed above were sequenced to confirm the correct sequences before the transformation of E. coli DH5 α cells. All primers discussed above are listed in Table 1 . 
Cultivation of Bacteria and Protein Extraction
Transformed bacteria were grown overnight in 10 ml LB medium (100 μg/ml Ampicillin) as preculture and main culture was inoculated with OD 600 of 0.1 in 100 ml LB medium (100 μg/ml Ampicillin) and grown over night at 37 • C. Cells were harvested by centrifugation (10 min, 5000 × g, 4 • C) after measuring the final OD 600 of the cultures. Cell pellets were resuspended in 2 mL PBS, increasing the concentration 50 fold, and lysed by sonication. Cell debris were separated from supernatant by centrifugation (20 min, 17,500 × g, 4 • C). Total soluble protein content of the extracts was determined using the Bradford method (Bradford, 1976) . Equal amounts of protein were used for further experiments. Cellulase expression was confirmed by SDS-PAGE for 50 min at 200 V followed by western blotting as previously described (Laemmli, 1970; Burnette, 1981) . The recombinant proteins were detected with a monoclonal mouse anti-polyhistidine antibody (Qiagen) diluted 1:5000 as primary antibody. A secondary monoclonal goat antimouse antibody conjugated with alkaline phosphatase (Dianova) also diluted 1:5000, with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roth) was used for visualization.
The cell pellet was resuspended subsequently in an equal volume of PBS and used for another SDS-PAGE and western blotting to detect insoluble protein.
Transient Protein Expression Analysis in Plants
Agrobacterium tumefaciens strain GV3101::pMP90RK (Koncz and Schell, 1986) was transformed with the expression constructs described above according to established procedures (Shen and Forde, 1989) . The resulting clones were incubated for ca. 36 h in YEB medium (kanamycin (50 μg/ml), rifampicin (50 μg/ml) and carbenicillin (100 μg/ml)) at 26 • C. From these cultures, 200 μl of the cultures were used to inoculate 20 ml of YEB medium. Bacteria were grown again for ca. 36 h at 26 • C. Then Expression cassettes based on pJK contained sequences derived from the Nicotiana tabacum chloroplast genes for tRNA-Gly (trnG) and tRNA-Met (trnM) used as homologous regions for recombination into the chloroplast genome of N. tabacum after particle bombardment as well as copies of the plastid ribosomal promoter (prrn) for expression of selectable marker gene aminoglycoside 3 -adenylyltransferase (aadA) and the gene of interest (goi) using 3 rbcL (ribulose bisphosphate carboxylase large subunit from Chlamydomonas reinhardtii) UTR as 3 untranslated region. The cassette for the transient expression experiments contained scaffold attachment regions (SARs) and the p35SS promoter controlling transgene expression with an additional retention signal for localization in the endoplasmic reticulum (ER) and pA35S as polyadenylation signal.
a preinduction was performed by addition of 2 μL acetosyringon (200 μM final concentration), 100 μL 40% (w/v) glucose solution, and 200 μL of 1 M MES buffer pH 5.6. The culture was further grown over night and the OD 600 was determined. The cultures were diluted up to 15 ml with deionized water. Then 15 ml of 2x infiltration buffer (100 g/L sucrose, 3.6 g/L glucose, 8.6 g/L Murashige and Skoog basal MS salts, pH 5.6) were added to obtain a final OD 600 of 1. These infiltration solutions were used to infiltrate a single leaf of four independent 6 weeks old Nicotiana tabacum SR1 plants (Kapila et al., 1997; Garvey et al., 2014) . Each leaf was of different age. The plants were cultivated for four further days at 25 • C. For each construct, 0.5 g of infiltrated leaf material from each leaf were used for protein extraction. The samples were ground in 1 ml PBS and centrifuged (20 min, 21000 × g, 4 • C). After this, 250 μl of leaf extract from each leaf corresponding to a construct were unified to obtain a more evenly distributed protein extract.
Total soluble protein content of the extracts was determined via Bradford assay, as described above and equal amounts of TSP were used in subsequent experiments. Cellulase expression was confirmed by SDS-PAGE followed by western blotting, as described above for the E. coli derived samples.
N-glycosylation sites were predicted using NetNGlyc 1.0 server software 1 based on the mature amino acid sequence of the proteins predicted from the DNA sequence data.
Enzyme Activity Assays
Enzyme activity was determined using Azo-CMC (Megazyme) and 4-MUC (Sigma) as model substrates to measure the endocellulase and exocellulase activities of the enzymes, respectively (Ziegelhoffer et al., 2001; Jørgensen et al., 2004) . For the Azo-CMC assay, 52 μg of the bacterial protein extract and 5.625 μg of the leaf extract were added to a 500 μL 0.5% (w/v) Azo-CMC in 50 mM sodium acetate (pH 5.5). Hydrolysis was carried out at 50 • C for 30 min then stopped by adding 1.25 mL precipitation buffer. After centrifugation (10 min, 1000 × g, room temperature), the absorbance of the supernatant at 590 nm was measured photometrically and the enzyme activities were calculated against a calibration curve established using defined amounts of Onozuka Cellulase mix (Serva). For the 4-MUC assay, 5.625 μg of raw plant extract and 52 μg of raw bacterial extract were mixed with 100 μL 50 mM sodium acetate buffer (pH 5.5) containing 0.5 mM 4-MUC and incubated at 50 • C for 2 h. The assay was stopped by adding 100 μL 0.15 M glycine (pH 10) and fluorescence was measured at 465 nm (excitation, 360 nm) against a calibration curve. For both assays, enzymatic activity was compared to empty vector controls (pRB95 for E. coli and pTRAkc for tobacco).
RESULTS
Cloning and Sequencing Analyses
Seven target genes were successfully amplified by PCR and transferred to the target vectors pJK and pTRAkc-ERH for bacterial and plant transformation, respectively (Figure 1) . The vectors included a polyhistidine coding sequence that was added to the 3 -end of each coding region to generate a C-terminal His 6 tag. Sequencing the new plasmids revealed some differences compared to previously published sequences (Lao et al., 1991; Jung et al., 1993; Zhang et al., 1995; Irwin et al., 2000; Lykidis et al., 2007) . The endocellulase E2 gene featured a silent mutation (30V) whereas the endocellulase E1 gene included a nucleotide exchange causing an amino acid substitution (174R→G) and also a deletion that removed residue 944G. The genes for E3 and E6 also contained mutations that caused amino acid substitutions (437N→D for E3 and 194I→T for E6). The remaining two cellulase genes and the sequence for the β-glucosidase (BglC) were identical to published data. Because the detected mutations were present in multiple clones for each gene, we assumed they represented naturally occurring alleles rather than PCR artifacts. Samples were harvested from E. coli cultures and N. tabacum leaves and the resulting extracts were used directly for western blotting and activity assays. To detect possible negative effects on E. coli growth behavior related to cellulase expression, OD 600 at the end of the cultivation time was measured and compared to the empty vector control. Table 2 shows the average OD 600 measured from four independent cultivations. This showed no clear negative effect of the cellulase expression on the final cell density.
The bacterial extracts yielded bands in the western blot indicating the successful expression of all genes except those encoding exocellulases E3 and E6 (Figure 2A) . The mobility of each band was consistent with the theoretical mass of the corresponding protein (Table 3) , showing the successful expression of fulllength proteins. Furthermore, each construct produced a single band on the blot suggesting the absence of protein degradation products. The blot for the cell pellet fraction ( Figure 2B ) showed bands only for BglC, E1, E4, and E5 indicating that a part of the protein remains insoluble. An additional band was observed for E1 indicating a slight degradation or a potential isoform of the enzyme when present in the insoluble fraction. For the exocellulases E3 and E6 as well as the endocellulase E2 there were no bands observed. The leaf extracts (Figure 3 ) yielded bands for all six cellulases, but no band was visible for β-glucosidase BglC. We observed a single ∼135 kDa band for endocellulase E1 and multiple bands in the range of 48-65 kDa for endocellulase E2, as well as weaker bands (∼28 -24 kDa) potentially showing evidence of protein degradation. For exocellulase E3 and the processive endocellulase E4, bands were visible at ∼90 kDa and ∼110 kDa, respectively. Weaker E4 bands (∼100 kDa and ca. 80 kDa) represented additional forms of the protein, whereas the additional Band received for E3 (∼65 kDa) might represent a non-glycosylated form of the exocellulase. E5 was represented by a strong band at ∼55 kDa and several weak smaller bands potentially representing degradation fragments. Exocellulase E6 was represented by a ∼120 kDa band and a weaker band at about 100 kDa. The high molecular mass of the main enzyme bands suggested that (partial) N-glycosylation had occurred in the ER, although none of these proteins are glycosylated in their natural host T. fusca. Subsequently, N-glycosylation analysis was performed, using the NetNGlyc 1.0 Server software to predict glycan acceptor sites. As shown in Table 4 , all of the enzymes contain 1-8 likely glycosylation sites, suggesting that glycosylated forms are probable to be synthesized in plants. This correlates well with the higher molecular masses of the modified protein variants detected by western blot. 
Activity Assays on Model Substrates 4-MUC and Azo-CMC
Endocellulases E1, E2, and E5 were tested for endocellulase activity using the model substrate azo-carboxymethyl-cellulose (Azo-CMC). The results for each expression system were adjusted to 1 mg of TSP and were compared in Figure 4 . Although E2 clearly showed activity against the test substrate when produced in E. coli, we observed almost no detectable activity for E1 and E5 in this expression system. Plant extracts containing the three endocellulases were active against Azo-CMC, and all extracts were more active than their recombinant bacterial counterparts when adjusted to equal TSP content. The activity of the remaining enzymes was tested against 4-MUC (Figure 5) . The bacterial extracts showed no detectable activity for the remaining cellulases compared to the empty vector control (pRB95). In contrast, the activity of BglC exceeded the detection limit of the assay indicating that the enzyme was highly active when produced in E. coli. All the cellulases appeared to be active compared to the negative control (empty pTRAkc vector) when expressed in tobacco, but the activity of plantderived BglC was significantly lower than the same enzyme produced in E. coli when adjusted to similar amounts of TSP.
DISCUSSION
Comparison of ER Targeted Expression of T. fusca Cellulases in N. tabacum to Cytosolic Expression in E. coli
We evaluated the potential industrial use of T. fusca cellulases by expressing the individual recombinant enzymes in E. coli and N. tabacum using vectors based on pRB95 and pTRAkc-ERH.
FIGURE 4 | Azo-CMC assay for endocellulase activity. Each 500 μl reaction was carried out for 30 min at 50 • C in 50 mM sodium acetate buffer (pH 5.5) containing 0.5% Azo-CMC (w/v) and values were calculated for 1 mg TSP of cell or leaf extract for better comparison. The reaction was stopped by addition of 1.25 ml precipitation solution. After centrifugation (10 min, 1000 × g, room temperature), the absorbance of the supernatant at 590 nm was measured photometrically. All measurements were performed in triplicate. Error bars show standard deviation.
FIGURE 5 | The 4-MUC assay for enzyme activity. Each 100 μl reaction was carried out for 2 h at 50 • C in 50 mM sodium acetate buffer (pH 5.5) containing 1 mM 4-MUC and values were calculated for 1 mg TSP of cell or leaf extract for better comparison. The assay was stopped by adding 100 μL 0.15 M glycine (pH 10) and fluorescence was measured at 465 nm (excitation, 360 nm) against a calibration curve. All measurements were performed in triplicate. Error bars show standard deviation.
The pRB95 based vectors were used for bacterial expression as the utilized constitutive plastid ribosomal RNA promoter (prrn) promoter is known to be recognized in E. coli (Drechsel and Bock, 2011) . Most of the proteins were expressed successfully in E. coli but we were unable to detect the exocellulases. This indicated a product-specific effect rather than a general problem with the bacterial expression system. Furthermore, all six cellulases were expressed successfully in tobacco plants, confirming that the absence of exocellulases in the E. coli extracts did not reflect a problem with the amplified gene sequence. An additional blot of the bacterial cell pellet fraction revealed bands for enzymes which were also present in the soluble fraction but no evidence was found for the presence of the exocellulases. This indicates that the exocellulases were rather degraded than accumulated in inclusion bodies. On the other hand, exocellulases E3 was expressed in E. coli previously Jeoh et al., 2002) . In these cases, the expression of the gene was performed on a larger scale (6 L). This fact might indicate that the expression was also rather low in these cases.
Both exocellulases contain four cysteine residues. Disulfide bond formation has been confirmed for E3 (Rouvinen et al., 1990) while E6 lacked free SH groups when expressed in Streptomyces lividans . Therefore, the impairment of disulfide bond formation in the E. coli cytosol is a reasonable explanation for the observed lack of exocellulase expression in this system (de Marco, 2009 ). The plant ER environment promotes disulfide bond formation (Onda et al., 2009; Lombardi et al., 2012) supporting the hypothesis that exocellulase accumulation in E. coli is prevented by the inability to form disulfide bonds efficiently. This might lead to the degradation of unfolded proteins. Thus, the ER compartment was chosen for cellulase expression in tobacco to enable proper protein folding and to prevent degradation by proteases as documented for alternative compartments in other studies (Dai et al., 2000; Ziegelhoffer et al., 2001) .
The initial expression of T. fusca cellulases in E. coli was challenging, and Streptomyces lividans was used as an alternative host (Ghangas and Wilson, 1987) . More recent studies have achieved the expression of certain T. fusca cellulases in E. coli (Vuong and Wilson, 2009; Li et al., 2010 ) but more detailed data on the yield and activity are only available for endocellulase E5 (Yan et al., 2013) . Based on our western blot data, the prrn promoter used in our expression construct is suitable for the efficient expression of T. fusca endocellulases in E. coli.
High yields of all six cellulases were achieved in tobacco, but this was not the case for the β-glucosidase BglC. Notably, this enzyme is the only protein in the set that is not secreted naturally by its host, and this may explain its weak expression in the ER of tobacco cells. Cellulase E1 yielded a strong single band in western blots of plant extracts. The remaining cellulases yielded additional weak bands with lower molecular weights than the main band, suggesting they could be degradation products or less glycosylated versions of the enzymes. The expression of full-size T. fusca enzymes in tobacco is therefore feasible. In contrast, only the catalytic domain of Acidothermus cellulolyticus E1 was present in maize and tobacco extracts reflecting extensive degradation (Ziegelhoffer et al., 2001; Hood et al., 2012) . The successful expression of T. fusca cellulases in the ER suggests that this compartment promotes higher yields, higher enzyme activities and higher protein stability compared to cytosolic expression (Ziegelhoffer et al., 1999) . The altered mobility of the enzymes during SDS-PAGE suggested the proteins may be glycosylated, which is consistent with the multiple bands representing E2 and the in silico prediction of N-glycosylation sites indicating 1-8 likely N-glycosylation sites per enzyme. This hypothesis is supported further by the results of the bacterial expression where the enzymes showed the expected molecular weights. As glycosylation can influence the activity and stability of recombinant proteins (Beckham et al., 2012) , its impact on the enzymes included in our study will be investigated in future experiments.
Activity Assays on Model Substrates for Enzymes Expressed in Tobacco and E. coli
Our enzyme activity assays showed that only BglC and the endocellulases E1, E2, and E5 were active when expressed in E. coli, although a band representing E4 was observed on western blots confirming the presence of the protein in the cell extracts. This enzyme was produced as full-length protein, and should therefore show activity against model substrate, which was clearly not the case. The inactivity of E4 may be a consequence of incorrect protein folding caused by the inefficient formation of disulfide bonds in E. coli, as also proposed to explain the absence of two exocellulases in this species. Furthermore this might be the reason for the low activities observed for E1 and E5 observed in the Azo-CMC assay. The plant-derived versions of all the cellulases were active, indicating that the lack of activity does not reflect any sequence-dependent properties and further supporting the hypothesis that the E. coli cytoplasm provides an inadequate environment for these enzymes. These data suggest that cellulase activity in the natural host T. fusca therefore depends on the efficient formation of disulfide bonds as it was shown for the T. fusca E2 by McGinnis and Wilson (1993) .
Plant extracts showed activity for all seven enzymes (including BglC, which was not detected by western blot) thus correlating with the strong BglC activity detected in E. coli. The western blot and activity assay data for the plant-derived cellulases indicated that the higher protein masses potentially caused by glycosylation did not influence the activity of any of the enzymes, suggesting that tobacco could be used to produce active T. fusca cellulases without modifying the glycosylation pathway. It is not yet clear whether nuclear transformation will equal the efficiency of plastid transformation for the expression of T. fusca enzymes (Yu et al., 2007; Gray et al., 2009 Gray et al., , 2011 Petersen and Bock, 2011) and these approaches will be compared in future experiments.
Our data confirm the successful expression of active bacterial cellulases in the tobacco ER without any of the major degradation issues reported for cellulases derived from other bacterial sources. We were able to produce a full set of cellulolytic enzymes secreted by T. fusca in plants. This work comprises a good foundation for more detailed studies in the future to facilitate the inexpensive production of functional heterologous cellulolytic complexes for the efficient production of biofuels from lignocellulosic biomass.
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